ABSTRACT Organizers and organizing centers play critical roles in axis formation and patterning during the early stages of embryogenesis in many bilaterians. The presence and activity of an organizer was first described in adult Hydra about 100 years ago, and in the following decades organizer regions were identified in a number of bilaterian embryos. In an adult Hydra, the cells of the body column are constantly in the mitotic cycle resulting in continuous displacement of the tissue to the extremities where it is sloughed. In this context, the head organizer located in the hypostome is continuously active sending out signals to maintain the structure and morphology of the head, body column and foot of the animal. The molecular basis of the head organizer involves the canonical Wnt pathway, which acts in a self-renewing manner to maintain itself in the context of the tissue dynamics of Hydra. During bud formation, Hydra's mode of asexual reproduction, a head organizer based on the canonical Wnt pathway is set up to initiate and control the development of a new Hydra. As this pathway plays a central role in vertebrate embryonic organizers, its presence and activity in Hydra indicate that the molecular basis of the organizer arose early in metazoan evolution.
Introduction
The organizer plays an early and central role in setting up the structure of developing embryos. In vertebrate embryos a small region on the dorsal side of the prospective mesoderm sets up the dorsal-ventral and anterior-posterior axes. This is illustrated by transplantation of the dorsal lip of the blastopore of an early Xenopus gastrula to the ventral side of a second gastrula. The transplant results in the formation of a second embryonic axis emerging from the ventral side (Harland and Gerhart (1997) . This type of experiment has been carried out with a number of vertebrate embryos [e.g. chick, mouse, zebrafish] with similar results [Smith and Schoenwolf (1998) . The presence of organizing centers have also been demonstrated in sea urchin embryos as well as Drosophila embryos [Driever and Nusslein-Volhard (1988) , Lehmann and Nusslein-Volhard, (1991) indicating that an organizer, or tissue with organizer activity is common among bilaterians. Thus, most likely this embryonic process / structure arose during metazoan evolution before the appearance of the bilaterians. The evidence for the presence of an organizer in adult Hydra supports this viewpoint. In the following a brief history of the head organizer in Hydra as well as the evidence for the presence of an organizer in adult Hydra, and a summary of the molecular basis of this organizer will be presented.
Historical context of the Hydra head organizer
The discovery of the role of an organizer in embryonic development is usually associated with Spemann's experiments with newt embryos in 1924 (Spemann & Mangold, 1924) . Evidence for tissue with organizer capacity among metazoans actually appeared earlier. As Howard Lenhoff (1991) pointed out, Ethel Browne (1909) demonstrated the presence of an organizer in the hypostome, which is at the apical end of an adult Hydra (Fig. 1 ). She isolated a piece of the hypostome and transplanted it to the body column of another Hydra. Within a few days the transplant induced the development of a head with hypostome and tentacles as well as a body column. It never developed a foot, and thus, did not develop as a bud does. To demonstrate that the transplanted tissue "organized" some of the host tissue into forming this second axis, Browne made use of Hydra viridis, a species in which algae live within the epithelial cells. She transplanted a piece of hypostome from Hydra viridis without algae (i.e. unpigmented tissues) to a host with algae (green tissues). The tissue of the induced second axis contained algae indicating that some of the host tissue had been "organized" by the transplant to develop into a head and second axis. By transplanting other parts of a Hydra, Browne (1909) showed that only the hypostome has the capacity to induce a second axis indicating that the organizer was located only in the hypostome. This organizer will be referred to as the head organizer.
Subsequently Mutz (1930) carried out a variety of experiments that supported this view. For example, in one experiment she bisected the body column of a host below the budding zone, and grafted a hypostome onto the base of the body column. This resulted in the formation of a head at the basal end of the host apparently induced by the transplant. Using PelmatoHydra oligactis, Yao (1945) repeated Browne's experiments using a labeled transplant and an unlabeled host, and also showed that the organizer capacity was restricted to the hypostome.
The head organizer in an adult Hydra
An adult Hydra has the shape of a cylindrical shell consisting of two tissue layers: an ectoderm and an endoderm that make up the head, body column and basal disk (Fig. 1 ). An organizer is usually associated with the early stages of the development of an embryo. As described above, an adult Hydra has organizer activity (see in this issue Meinhardt, 2012) . This organizer is necessary to maintain the structure of an adult Hydra in the context of its tissue dynamics, which are in a steady state of production and loss. All the epithelial cells of both the ectoderm and endoderm of the entire body column are continuously in a mitotic state (David and Campbell, 1972 ). Yet an adult Hydra remains constant in size and shape. Epithelial tissue in the upper ~1/3rd of the body column is continuously displaced up the body column ( Fig. 1) into the head where it moves out along the tentacles or up the hypostome (Campbell, 1967) . When reaching the tips of the tentacles or hypostome, the tissue is sloughed (Campbell, 1967; Otto and Campbell, 1977b) . Similarly, epithelial tissue in the lower ~2/3rds is displaced in a basal direction onto developing buds or further down the column onto the foot. Tissue displaced down to the foot is eventually sloughed on the basal side of the foot (Campbell, 1967) , while tissue displaced onto a developing bud is removed from the adult when the bud is mature and detaches from the adult. As a Hydra has no defined lifetime (Martinez, 1998 ; see in this issue Martinez and Bridge, 2012) this steady state of production and loss of tissue goes on continuously when the animal is fed on a regular basis.
These tissue dynamics require mechanisms for the maintenance in a steady state of the size of the adult animal as well as the morphology of the different regions. The head organizer located in the hypostome plays a central role in maintaining this steady state. As described above, transplantation experiments demonstrated the organizer capacity of the hypostome, and that this capacity is restricted to the hypostome. That the tissue of the second axis, except for the hypostome, was derived from the host was shown by transplanting an unlabeled hypostome to the body column of a host whose tissue was stained (Yao, 1945; Broun and Bode, 2002) or, as mentioned previously, had a natural pigmentation (Browne, 1909) . In all of these experiments, the tissue of the induced axis, except for the hypostome, was derived from tissue of the host. When an eighth of the body column is transplanted to a host, a second axis is also formed (MacWilliams, 1983b) . However, no induction has occurred as the tissue of the second axis was wholly derived from the transplant (Broun and Bode, 2002) . Further, a piece of body column similar in size to a hypostome does not result in the formation of a second axis (Yao, 1945) . Thus, of the adult tissue of a Hydra, only the hypostome has the unique capacity for induction of a second axis consisting of head and body column, and hence, has the properties of an organizer.
How much of the hypostomal tissue is involved in the head organizer? Expression of genes, as described in the next section, would indicate that it may be a small part of the hypostome at it's apex. An experiment by Technau et al.,2000) provides evidence consistent with this viewpoint. When several Hydra are dissociated into a suspension of cells that is subsequently centrifuged into a pellet and then placed in Hydra medium, it undergoes the following developmental process. The epithelial cells of the pellet, or aggregate, sort out into a spherical shell consisting of two concentric layers, similar to the organization of these two layers in an intact Hydra (Gierer et al., 1972) . The outer layer is composed of the ectodermal epithelial cells and the inner layer of the endodermal epithelial cells. Subsequently, one or more head organizers form, which organize the tissue of the aggregate into one or more animals consisting of head and body column. Technau et al., 2000) added small clusters [10-180 cells] of cells labeled with FITC from regenerating heads to suspensions of dissociated cells and formed aggregates. 50% of the clusters were subsequently found in developing heads. In contrast, clusters formed from cells of the body column were rarely [2-10%] found in developing heads. Hence, a relatively small cluster of cells committed to organizer formation is sufficient to set up a head organizer.
A Hydra has a third cell lineage, the interstitial cell lineage consisting of the interstitial cells, which are multipotent stem cells, and their several groups of differentiation products: the nematocytes, neurons, gland cells and gametes (e.g. Bode and David, 1974 ; see in this issue David, 2012; Hobmayer et al., 2012) . This cell lineage 
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plays no role in the head organizer as animals in which all the cells of the interstitial cell lineage have been removed behave normally when hand-fed in that their shape and size as well as epithelial cell division and the resulting tissue movements as well as bud formation are normal (Sugiyama and Fujisawa, 1978) .
The signals produced by the head organizer
In the context of the tissue dynamics of an adult Hydra, the head organizer plays a central role in maintaining the structure and morphology of the animal as well controlling bud formation, Hydra's asexual form of reproduction. It does so by producing two signals, the head activator and the head inhibitor. Both diffuse from the hypostome down the body column either among the epithelial cells, or through gap junctions connecting epithelial cells resulting in a graded distribution of each signal along the body column (Wilby and Webster, 1970a,b; MacWilliams, 1983a,b) . The head organizer continuously produces the two signals to maintain the two gradients in the context of the tissue dynamics (Fig. 2) . The head activation gradient provides the capacity for the initiation of head organizer formation while head inhibition prevents head organizer formation (see in this issue Shimizu, 2012) . A new head organizer doesn't form along the upper 2/3rds of the body column because the level of head inhibitor exceeds that of the head activator (MacWilliams, 1983a) . The reverse is true in the budding zone resulting in the initiation of a new head organizer leading to the formation of a new axis, which results in bud formation. It is not clear why a new head organizer does not form in the region between the budding zone and foot. Plausibly the level of head activator may be too low to initiate head organizer formation or that the foot plays an inhibitory role.
The head activator plays a central role in head regeneration When a Hydra is bisected anywhere along the body column of the animal, a head always regenerates at the apical end of the basal part where the level of head activator is highest. The presence of the head activation gradient leads to the formation of a new head organizer in this apical end resulting in head regeneration. A critical aspect of this process is that the head inhibitor has a short half-life of 2-3 hours (MacWilliams, 1983a) thereby most likely resulting in a higher concentration of head activator than head inhibitor, which leads to head organizer formation and head regeneration. A head does not form at the basal end of the apical part because the head inhibitor produced and continuously transmitted to the body column from the existing head prevents head organizer formation from taking place. The molecular basis of these two signals is not known although there is evidence that head inhibitor is a small molecule that travels through gap junctions (Fraser & Bode & Gilula, 1987) .
Hence, an adult Hydra has an organizer region with properties similar to that found in vertebrate embryos. No experiments have been carried out to determine if there is an equivalent region in a Hydra embryo. One indication of the presence of such an organizer region in a Hydra embryo is that some of the molecular components of the head organizer are present in these embryos (Frobius et al., 2003) as described in the next section.
Molecular basis of the head organizer
As mentioned above, in the context of the tissue movements in Hydra, tissue in the hypostome is displaced apically and sloughed at the tip of the hypostome (Campbell, 1967) . Since the head organizer is located in the hypostome, it would also be lost were it not continuously renewed. A straightforward means of maintaining the head organizer would be the secretion of a signal by the organizer that would set up a new organizer in a location basal to the existing one. This new organizer would replace the one sloughed at the apex. Such a mechanism would provide for the continuous renewal, and thus, the maintenance of the organizer in the context of the tissue dynamics of the hypostome.
That such a signal exists is supported by the following data involving a hypostome-contact graft. This graft involves making an incision in the body column of a decapitated host Hydra and bringing the hypostome of a second Hydra in contact with the incision (Broun and Bode, 2002) . Removal of the graft 48h later results in the induction of a 2nd axis consisting solely of host Hydra tissue in 89% of the grafts. As a control, a contact graft made with upper end of the body column placed in contact with the host tissue resulted in only 6% forming a second axis. The signal transferred in the hypostome-contact graft has a half-life of ~14h (Broun and Bode, 2002) .
Though the head activator gradient provides a signal for initiating the formation of a new axis, and hence, formation of a head organizer, the signal involved in the hypostome-contact graft is a different signal. Treatment with Li+ blocks an isolated piece of body column from forming a head that is initiated with the presence of head activator in the piece of tissue (Broun and Bode, 2002) . However, treatment with Li+ had no effect on the head organizer signaling to set up a second axis in the hypostome contact grafts (Broun and Bode, 2002) . This indicates that the signal for setting up the head organizer is different than the head activator signal.
What is the signal that sets up the head organizer? The canonical Wnt pathway appears to be involved in setting up the organizer in Xenopus embryos (Tao et al., 2005) . And, probably in a similar manner, beta-catenin plays a critical role in initiating organizer formation in chick (Boettger et al., 2001) , mouse (Mohamed et al., 2004) and zebrafish (Kelly et al., 2000) embryos. It also plays a major role in axis specification in sea urchin embryos (Croce Fig. 2 . Axial patterning processes in Hydra (Bode, 2009) 
. The head organizer (HO) is located in the hypostome. The head activation (HA) and head inhibition (HI) gradients are graded down the body column. The formation of new axis resulting in bud formation takes place in a location along the body axis where [HA] > [HI].
and . The expression of several genes involved in the canonical Wnt pathway in Hydra suggested that this pathway plays a role in the Hydra organizer. HyWnt3, TCF and beta-catenin are expressed in the hypostome of the adult Broun et al., 2005) . Subsequently, it was shown that six other Wnt genes (HyWnt1, HyWnt7, HyWnt9/10a, HyWnt9/10c, HyWnt11, HyWnt16) are expressed in the hypostome (Lengfeld et al., 2009) . All are expressed only in the hypostome, although the extent of expression from the apex down to the base of the hypostome varies among them. This is similar to the expression of several Wnt genes that are involved in the canonical Wnt pathway in Xenopus embryos , Fuerer et al., 2008 .
Their involvement in the head organizer in Hydra is illustrated by their expression during bud formation and head regeneration. All seven Wnt genes are expressed at a very early stage of bud formation (Lengfeld et al., 2009) , and HyWnt3 is expressed before the begining of bud evagination (Gee and Bode, unpublished results) when the head organizer is being set up (Li and Yao, 1945) . In addition, an eighth HyWnt gene, HyWnt2, which is not expressed in the adult hypostome (Lengfeld et al., 2009) , is expressed during early stages of bud development. Similarly, during head regeneration the initial appearance of the several HyWnt genes takes place sequentially varying from 1.5 hours to 12 hours following decapitation (Lengfeld et al., 2009) . The early expression of HyWnt3 in both bud formation and head regeneration suggests it may play a role in initiating the formation of the head organizer. HyTCF is also expressed during early stages of bud formation and head regeneration . In Hydra the beta-catenin gene is expressed in the epithelial cells throughout the animal (Broun et al., 2005) as the protein plays a role in the formation of cell membranes. However, it is present in the nuclei of epithelial cells only at the apex of the hypostome where the head organizer is located (Broun et al., 2005) . Further, a number of other genes that are involved in the canonical Wnt pathway are also expressed in the hypostome. These include APC, axin, CK1 alpha, CK1 epsilon, Dishevelled, Groucho, GSK-3 and PIN1 (Hobmayer et al., 2000; Gee & Bode, unpublished results) .
Evidence supporting the role of the canonical Wnt pathway in head organizer formation
Evidence for the role of beta-catenin, and thus, the canonical Wnt pathway in the formation of the head organizer was obtained by treating Hydra with alsterpaullone. This reagent blocks the activity of GSK-3, which is involved in the destruction of beta-catenin (Leost et al., 2000; Bain et al., 2003) . Treatment with alsterpaullone raised the level of the beta-catenin protein throughout the animal, which resulted in an increase in the concentration of this protein in the nuclei of cells of the body column (Broun et al., 2005) . This treatment also conferred head organizer activity on the tissue of the body column as measured by the standard transplantation experiment (Broun et al., 2005) . More direct evidence was obtained by generating a transgenic Hydra in which the beta-catenin gene driven by an actin promoter was continuously and strongly expressed throughout the animal (Gee et al., 2010) . The level of expression of this gene throughout the animal was substantially higher than in controls. And, as with the alsterpaullone treatment, the body column of a transgenic animal had acquired head organizer activity as measured by the transplantation experiment. Over time these transgenic Hydra generated additional heads along the body column leading to the formation of several body axes in a single animal (Gee et al., 2010) .
Another line of evidence supporting the role of the canonical Wnt pathway in the head organizer involved treating bisected Hydra with recombinant HyWnt3 protein (Lengfeld et al., 2009) . The reg-16 strain of Hydra magnipapillata has a reduced capacity to regenerate a head (Sugiyama and Fujisawa, 1977) , and unlike a normal Hydra does not express HyWnt3 in the regenerating tip. When bisected animals were treated with the HyWnt3 protein 70% of them regenerated a head, while in untreated controls only 30% regenerated a head. Thus, HyWnt3, and most likely the canonical Wnt pathway, were involved in this enhanced ability to set up a head organizer and regenerate a head.
Since the head organizer is located in the hypostome, and tissue of this region is constantly displaced towards its apex and sloughed, the head organizer must be constantly renewed to maintain the steady state morphology of an adult Hydra. As the canonical Wnt pathway is known to operate in a positive feedback loop in mice (Deb et al., 2008) and Drosophila (Heslip et al., 1997) , it could be acting in a similar manner in the hypostome. Thus, diffusion of one or more of the Wnt proteins produced in the head organizer in a basal direction could initiate the formation of a new head organizer below the existing organizer. Thereafter, the newly formed head organizer replaces the existing one that is sloughed at the apex. In this manner, the head organizer would remain in a steady state in the context of the continuous displacement of hypostome tissue in an apical direction.
However, this positive feedback loop could be operating at a faster rate than the rate of tissue displacement in an apical direction. In principle this could lead to a continuous formation in a basal direction down through the tentacle zone into the body column of new head organizer tissue, which does not occur. Recently an analysis of the promoter region of the HyWnt3 gene has revealed the presence of two cis-regulatory elements that control the expression of this gene (Nakamura et al., 2011) . One of them is positively involved in the expression of the gene thereby facilitating its continuous expression in the hypostome. The second is involved in the repression of the expression of the gene. The latter has been shown to restrict the activity of HyWnt3 to the hypostome, and hence, might be involved in restricting head organizer activity to the hypostome.
As seven Wnt genes are exclusively expressed in the hypostome of an adult Hydra, it is plausible that all or most of them are involved in the formation of the head organizer. However, it is likely that these genes and the canonical Wnt pathway are involved only in the initial steps of the formation of the head organizer. Hydra treated with alsterpaullone results in the transient expression of HyWnt3 and the other six HyWnt genes in the body column for 2-3 days, while the head organizer activity remains at a maximal level for at least six days (Gee et al., 2010) . It is unlikely that the maintenance of this activity is due to the presence of HyWnt proteins or beta catenin as Wnt proteins (Cadigan et al., 1998; Strigini and Cohen, 2000) and beta-catenin (Yost et al., 1996; Pai et al., 1997; Guger and Gumbiner, 2000; Weitzel et al., 2004) have half-lives of a few hours in bilaterians. Thus, it is plausible that the canonical Wnt pathway initiates the formation of the head organizer, and that genes downstream of this pathway are involved in the maintenance of the head organizer activity. The genes involved in this process are currently not known.
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Not only is the canonical Wnt pathway involved in maintaining the head organizer in the adult, it is also involved in setting up the organizer during head regeneration and bud formation. During head regeneration the seven HyWnt genes are expressed in a sequence starting with the strong expression of HyWnt3 within 1.5 hours following decapitation. The other six appear sequentially during the first 12 hours following decapitation (Lengfeld et al., 2009) . During bud formation all seven are strongly expressed quite early by stage 1 of the budding process. In addition, HyWnt3 is expressed even earlier before any visible sign of bud formation is apparent (Gee and Bode, unpublished result) . The earlier expression of HyWnt3 compared to the other HyWnt genes during both developmental processes suggests that it may play a role in initiating head organizer formation. The timing of expression during bud formation indicates that expression of the canonical Wnt pathway precedes the formation of the head organizer. By transplanting the apical ends of developing buds at different stages, Li and Yao (1945) demonstrated that the head organizer developed slowly during bud development. By stage 3 [using Campbell's stages of bud development (Otto and Campbell, 1977a ) ~30% of the apical ends of the developing buds could induce a second axis. This rose to 80% by stage 5. This rise in the head organizer capacity in the developing bud takes place distinctly later than the expression of the HyWnt genes, which are all expressed by stage 1, which is consistent with HyWnt genes and the canonical Wnt pathway playing a role in setting up the head organizer.
Since the organizer or organizing centers play a critical role in establishing the axes and structures of developing embryos among bilaterians, a final question deals with the issue of an organizer in Hydra embryos. Currently there is no direct evidence for the presence of an organizer in Hydra embryos. Assuming that such an organizer exists, the question arises as to its molecular basis. Frobius et al.,2003) have shown that some of the genes [TCF, beta-catenin, Frizzled] of the canonical Wnt pathway are expressed in very early stage embryos, which is at least consistent with the idea that this pathway plays a role in the early organization of a Hydra embryo.
In summary, the canonical Wnt pathway plays a central role in setting up the head organizer as well as maintaining it in the steady state tissue dynamics of an adult Hydra. The activity of this pathway in Hydra also provides evidence that the role of the canonical Wnt pathway in organizer activity arose quite early in metazoan evolution and was passed on to deuterostomes among the bilaterians.
Future perspectives
To gain a more complete understanding of the activity, molecular basis and evolution of the organizer in metazoan embryos, it will be useful to study this structure in more species. Given Hydra's early appearance in metazoan evolution, gaining a more complete understanding of the head organizer in Hydra can contribute to this effort. As mentioned above, an adult Hydra has several characteristics that are useful for this endeavor. These include the following.
[a] A Hydra has a very simple structure with few cell types.
[b] The tissue dynamics are in a steady state of production and loss requiring the continuous presence and activity of the head organizer. Thus, one need not examine particular stages of embryo development to investigate aspects of organizer development and activity as any adult Hydra can be used to study the head organizer.
[c] Because of its simple structure, transparency, and a detailed knowledge of the cell types and their distribution throughout an adult Hydra, a great deal of information about the genes active in the head organizer can be gained by simply carrying out in situ hybridization assays on fixed intact adult animals.
[d] Because of its simple structure whole Hydra can be treated with compounds, such as alsterpaullone, that promote head organizer formation throughout most of the body column providing another tool for examining the nature and molecular composition of the head organizer.
[e] The canonical Wnt pathway, which plays a central and critical role in vertebrate embryonic organizers, is active in the Hydra head organizer.
[f] Similar studies on the sequence of appearance of these genes involved during the development of the head organizer can be carried out during the bud formation and during head regeneration.
[g] The genome of Hydra magnipapillata, the species of Hydra used for organizer studies, has been sequenced (Chapman et al., 2010) . Thus, one can identify genes in Hydra that are homologues of genes involved in organizer activity in other metazoans and examine their possible role in the activity of the head organizer. A large EST project carried out several years ago provides the cDNAs for many of these candidate genes.
[h] The recently developed ability to generate transgenic Hydra (Wittlieb et al., 2006) provides a powerful tool for manipulating specific genes, which thereby provides a means for examining the molecular details of the head organizer.
The one plausible weakness of Hydra as a system to study the molecular basis and activity of an organizer is that the head organizer has been exclusively studied in adult Hydra while organizers in other metazoans are studied in the developing embryo. Knowledge about Hydra embryos is fairly limited as they have not been studied that much. Thus, it is plausible that there could be differences in organizer formation, characteristics, and molecular components that could muddy the waters in understanding the evolution of the molecular biology of the organizer. Although the presence of components of the canonical Wnt pathway in early stage embryos (Frobius et al., 2003) suggests the organizer in Hydra embryos could have a similar basis as the head organizer. In addition, the ability to generate transgenic Hydra provides an approach for directly examining the role of genes of this pathway in the formation of the organizer in a Hydra embryo.
